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ABSTRACT
Cellulose nanocrystals (CNCs) have emerged as promising nanofillers in the field of
nanotechnology due to their biocompatibility, biodegradability, and high specific mechanical
properties. Because of the hydrophilic nature of CNCs, their dispersion in hydrophobic matrices
is cumbersome and challenging. In this study, three approaches using 1) freeze-dried CNCs in an
epoxy resin processed with a combination of high-shear three-roll milling and probe sonication,
2) a CNC organogel with the curing agent added to the epoxy resin processed with a combination
of three-roll milling and probe sonication, and 3) non-covalent surface-coated CNCs (C-CNCs)
with the curing agent in the epoxy resin processed with a combination of cooled three-roll
milling and bath sonication, were used to produce CNC/epoxy nanocomposites.
In the first part of the work, the reinforcing efficiency of the freeze-dried CNCs and
organogel in the final cured nanocomposites were characterized. At 5 wt% CNC concentration in
the organogel-containing specimens, the storage modulus of the nanocomposite, obtained by
dynamics mechanical analysis (DMA), was observed to be higher than the neat cured epoxy, but
lower than the storage modulus of the nanocomposites containing freeze-dried CNCs. However,
the organogel approach was not pursued any further due to the difficulty in removing acetone
from the specimens undergoing curing and the presence of defects in the final cured specimens.
In general, increase in the storage and loss moduli of the cured nanocomposites were observed
with increasing CNC concentrations.
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In the second part of this work, surface-coated CNCs with the curing agent were used to
reduce the hydrophilic nature of the CNCs and to increase the interfacial compatibility of the
CNCs with the epoxy matrix. Since a significant amount of heat was generated during the
processing, a combination of cooled three-roll milling and bath sonication was used. Surface
modification of CNCs was verified by Fourier transform infrared spectroscopy (FT-IR) and
thermogravimetric analysis data (TGA). The mechanical reinforcing efficiency of CNCs in the
epoxy was investigated by DMA. In general, increased storage and loss moduli were observed
with increasing concentrations of both CNCs and C-CNCs. The nanocomposites containing CCNCs exhibited higher glassy storage moduli than those containing CNCs for all CNC
concentrations. When processed similarly at the optimal processing conditions for the CCNC/epoxy nanocomposites, the highest glassy storage moduli of both C-CNC/epoxy and
CNC/epoxy nanocomposites were observed at the nanoparticle concentration of 3 wt%, which is
above the ωpercolation . At this concentration, the glassy storage modulus of the two nanocomposites
were about the same (1.61 ± 0.05 GPa and 1.60 ± 0.06 GPa for the C-CNC/epoxy
nanocomposites and CNC/epoxy nanocomposites, respectively), which corresponds to an
increase of ~17% over that of the neat cured epoxy (1.37 ± 0.06 GPa).
In the third part of this work, a comparison between the storage and loss moduli of the CCNC/epoxy and CNC/epoxy nanocomposites processed with their optimal method, i.e., a
combination of three-roll milling and probe sonication for the CNC/epoxy nanocomposites and a
combination of cooled three-roll milling and bath sonication for the C-CNC/epoxy
nanocomposites were investigated. At the freeze-dried CNC concentration of 5 wt%, the highest
iii

storage modulus (1.79 ± 0.12 GPa) was observed for the nanocomposites, which is an increase of
~31% compared to the neat cured epoxy (1.37 ± 0.06 GPa). Moreover, at the same weight
fraction of CNCs, the highest loss modulus (100.8 ± 5.06 MPa) was observed for the
nanocomposites, which is an increase of ~57% compared to the neat cured epoxy
(64.2 ± 4.52 MPa). This interesting result demonstrates a possibility of increasing both stiffness
and damping characteristics of epoxy for use in nano-enhanced epoxy-based composites for
structural applications. While both the storage and loss modulus increased with the addition of
5 wt% CNCs, the thermal degradation behavior of the nanocomposites remained very much
similar to the cured epoxy, as evident from the TGA.
In general, both the CNC/epoxy and C-CNC/epoxy nanocomposites exhibited higher
stiffness and energy dissipation characteristics compared to the neat cured epoxy. Since CNC is a
relatively inexpensive and sustainable nanomaterial, the CNC-enhancement of the epoxy resin
provides an easy and low cost way to improve the stiffness and damping behavior of the
resulting nanocomposites, which is beneficial to the final structural composite material. These
nano-enhanced epoxy resins find applications in light-weight structural composites in the
construction, automotive, and aerospace industries. Moreover, the CNCs could compete for
petroleum-based and synthetic carbon nanofillers in the structural composites applications.
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1 LITERATURE REVIEW
1.1 CELLULOSE
Cellulose was first discovered in 1838 by Anselme Payen who isolated and determined
its chemical formula [1]. Cellulose is one of the most abundant renewable and biodegradable
organic biopolymers on Earth. Natural cellulose is obtained from various sources, such as trees,
plants, tunicates, algae, fungi, bacteria, invertebrates, and amoeba [2, 3]. Natural cellulose-based
materials have been used as engineering materials in industries of forest products, paper, textiles,
etc. for decades. In these applications, advantage is taken of the hierarchical structure of these
materials (Figure 1.1) [2].

Figure 1.1 A schematic of the hierarchical structure of tree [2].
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1.1.1

STRUCTURE OF CELLULOSE

Cellulose is a high- molecular-weight homopolymer of a linear ring of glucose molecules
(poly-β(1,4)-D-glucose residues). The repeat unit is an anhydride glucose, i.e., (C6 H10 O5 )n , where
n = 10,000-15,000 depending on the derivative resource. This repeat unit is linked through
oxygen covalently bonded to C 1 of one anhydride glucose to C 4 of the adjacent anhydride
glucose [4]. This repeating dimer of anhydride glucose unit is called “cellobiose.” Cellulose
contains two different end groups known as reducing and non-reducing end groups. The reducing
end group has a free hemi acetal (or aldehyde) group at C 1 , and the non-reducing end has a free
hydroxyl group at C4 (Figure 1.2). Cellulose has both highly ordered tightly packed crystalline
regions and disordered less tightly packed amorphous regions (Figure 1.3).

Figure 1.2 Chemical structure of cellulose [3].

Figure 1.3 Schematics of (a) cellulose chain, (b) cellulose microfibril showing crystalline and
amorphous regions, and (c) cellulose nanocrystals [2].
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1.1.2

THE POLYMORPHS OF CRYSTALLINE CELLULOSE

There are six interconvertible polymorphs of crystalline cellulose, i.e., I, II, IIII, IIIII, IVI,
and IVII, as shown in Figure 1.4. Cellulose I (native cellulose) is the crystalline cellulose that is
produced in nature and consists of two polymorphs: a triclinic crystal structure (Iα) and a
monoclinic crystal structure (Iβ). A schematic representation of the unit cell crystal structures of
the cellulose Iα and Iβ along the cellulose length is shown in Figure 1.5. Both unit cells for Iα
and Iβ exhibit the parallelogram shape projection along the cellulose length (Figure 1.5a).
Moreover, both unit cells appear in nearly the same molecular arrangements, which share the
three major lattice planes (labeled 1, 2, and 3) with approximate d-spacings of 0.39 nm, 0.53 nm,
and 0.61 nm corresponding to the Iα lattice planes (110)t, (010) t, and (100)t, and Iβ lattice planes
(200)m , (110)m , and (1 0)m , respectively. Subscripts t and m refer to triclinic and monoclinic,
respectively [2].

Figure 1.4 Interconversion of the polymorphs of cellulose [5].
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a)

b)

Figure 1.5 Schematics of the unit cells of cellulose Iα (triclinic, dashed line) and Iβ
(monoclinic, solid line); (a) projection along the chain direction with the Iα and Iβ unit cells
(b) relative configuration of Iα with respect to the Iβ unit cell [2].

A certain proportion of Iα and Iβ cellulose coexists depending on the derivative resource
[5-7]. The allomorph of cellulose from algae and bacteria is the Iα-dominant type and the
allomorph of cellulose from higher plant cell walls and tunicates is the Iβ-dominant type. The
different types of cellulose allomorphs from wood have been observed by 1) diffraction, which
gives a Iβ-dominant type classification, and 2)

13

C nuclear magnetic resonance (NMR), which

gives a ratio of Iα to Iβ of 50:50. A possible explanation for the latter method’s different result
from that of the diffraction method is that Iα and Iβ are interpreted to be triclinic and monoclinic
crystals systems, respectively. However, the results from 13 CNMR may contain information of a
subcrystalline structure that is a lower-ordered molecule than the crystals observed by diffraction
[8].
Nishiyama et al. [7, 9] reported on the most accurate characterization of the Iα and Iβ
lattice structures by using a synchrotron X-ray and neutron fiber diffraction method. The Iα
triclinic P1 unit cell contains one cellulose chain per unit cell. The cell parameters are a = 6.72 Å ,
b = 5.96 Å , c = 10.4 Å, γ = 80.4°, and V = 333 Å 3 [9]. The Iβ monoclinic P21 unit cell contains
two cellulose chains per unit cell with the cell parameters of a = 7.78 Å , b = 8.20 Å , c = 10.4 Å, γ
4

= 96.5°, and V = 658 Å 3 [7]. The Iα triclinic structure can be converted to the more
thermodynamically stable Iβ monoclinic structure by annealing in various media. Most of the Iα
converts to Iβ when annealed at 270°C [10, 11]. A schematic representation of the unit cell of the
Iβ crystal structure is shown in Figure 1.6. In Figure 1.6 (b), two intra-molecular, chainstiffening hydrogen bonds are represented in the side view of the central chains of a unit cell [6].

Figure 1.6 Crystal structure of cellulose Iβ, where (a) projection of the unit cell along the ab plane, and (b) projection of the unit cell parallel to the (100) lattice plane (cellulose I) are
shown, respectively [6].

5

1.1.3

HYDROGEN BONDING

The hydroxyl groups in the ring plane (equatorial positions) of cellulose contribute to the
intra- and inter-chain hydrogen bonding in this material. Structure of cellulose is relatively
stabilized by these hydrogen bonds, the schematic representation of which is given in Figure 1.7.
The intra-chain hydrogen bonding is the O3-H···O5 and O6-H···O2-H bonds. The inter-chain
hydrogen bonding is the O2-H···O6-H bonds, which hold the cellulose chains together [12].
Cellulose tends to aggregate due to the presence of van der Waals forces, as well as the intra- and
inter-chain hydrogen bonds, in its crystalline regions [13]. Cellulose is insoluble in most
common organic solvents.

Figure 1.7 Schematics of two suggested hydrogen bond cooperative networks (a) hydrogenbonded plane (110)t and (b) hydrogen-bonded plane (200)m. Thin dotted lines indicate the
intrachain hydrogen bonding, while the thick dotted lines show the inter-chain hydrogen
bonding. Arrows show the donor-acceptor-donor directions [2].
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1.2 CELLULOSE NANOCRYSTLAS
Cellulose has both crystalline and amorphous regions. There are several processes for the
isolation of highly crystalline particles from this material. The most effective process for this
purpose is acid hydrolysis. In the 1950s, the preparation of first stable colloidal suspensions of
crystalline particles by controlled sulfuric acid-catalyzed degradation of cellulose was reported
by Randy et al. [14]. Battista et al. [15] improved the acid hydrolysis procedure, which consisted
of the hydrochloric acid-assisted degradation of cellulose followed by a mechanical treatment
such as sonication. The mechanism of the acid hydrolysis reaction is shown in Figure 1.8. The
protons diffuse into the amorphous regions of the cellulose chains and protonate the etheroxygen link between the glucose monomers. The ether bond is broken, which leads to the
generation of carbocation as an intermediate. The carbocation is then solvated with water. The
protons, as well as glucose monomers, oligomers, or polymers are regenerated based on the
breakage of the ether bond [16]. Acid hydrolysis removes the amorphous regions and isolates the
highly crystalline rod- like particles referred to as cellulose nanocrystals (CNCs) (Figure 1.3).

Figure 1.8 Schematics of the mechanism of acid hydrolysis [16].
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1.2.1

CNC MORPHOLOGY AND DIMENSIONS

The morphology of CNCs has been investigated by atomic force microscopy (AFM) and
electron microscopy. Through the former, the shape of the CNC cross section has been found to
be round, whereas a rectangular shape has been observed through transmission electron
microscopy (TEM) [17-20]. To date the CNC cross section is believed to be rectangular in shape.
The AFM images may produce artifacts due to the convolution of the tip dimensions with the
sample dimensions, and quality of images may be influenced by the tip scan rate [21]. The CNC
dimensions depend on the derivative resource and extraction process. For example, CNCs from
wood pulp are 3-5 nm in width and 100-200 nm in length [22]. CNCs from the marine plant
Valonia, are 20 nm in width and 1000-2000 nm in length. CNCs from cottons are 5-10 nm in
width and 100-300 nm in length [17]. CNCs from a sea animal and tunicate are 10-20 nm in
width and 500-2000 nm in length [2]. As observed from these examples, CNCs have high aspect
(length/width) ratios.

1.2.2

CNC SURFACE CHARGE

In an aqueous CNC suspension, the CNCs have sulfate groups on their surfaces, which
are introduced during the sulfuric acid hydrolysis. The sulfur content in the CNCs depends on
temperature, time of reaction, acid concentratio n, and acid-to-substrate ratio. An aqueous CNC
suspension has a negative charge and is acidic due to the presence of deprotonated sulfate groups
on the CNC surfaces [23, 24]. These suspensions are further stable due to the electrostatic
repulsion of negatively charged sulfate groups on the CNC surfaces. Moreover, they show
characteristic chiral- nematic behavior in an aqueous suspension [17, 24].
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1.2.3

ADVANTAGES OF CNCS

CNCs are relatively cheap and abundant. They are biodegradable and CO 2 -neutral
nanomaterials with high sound-damping performance due to the hollow fibrous structure. They
also have high specific strength and modulus [25]. The CNC tensile strength is higher than those
of Kevlar-49 fiber, carbon fiber, and steel wire, while having a relatively lower density [2]. The
surface modification of CNCs by grafting various functional groups has been attempted before
[26].
1.2.3.1 CNC SURFACE MODIFICATION BY NON-COVALENT BOND METHOD
Surface modification of CNCs can be performed by non-covalent or covalent bond
methods. The former is achieved by the adsorption of surfactants, oppositely charged entities, or
polyelectrolyes on the CNC surfaces. These interactions are ensured through hydrophilic affinity,
electrostatic attractions, hydrogen bonds, or van der Waals forces between the CNCs and
adsorbents [26].
Salajkova et al. [27] reported on the surface modification CNCs by using four quaternary
ammonium salts bearing alkyl, phenyl, glycidyl, and diallyl groups, which are ionically adsorbed
on the CNC surfaces. The surface- modified CNCs were then redispersed and individualized in
the hydrophobic solvents, such as toluene and chloroform.
Nagalakshmaiah et al. [28] reported on the surface modification of CNCs with the
quaternary ammonium salt and their dispersion in polypropylene by melt extrusion. The
quaternary ammonium salt was adsorbed on the CNCs and the surface- modified CNCs were
extruded with polypropylene at 190°C. Based on their results, an improved thermal stability and
dispersion of hydrophobic CNCs in non-polar solvents and hydrophobic polymer matrices, such
as polypropylene, was achieved.
9

Figure 1.9 Schematics of the reaction mechanism for the surface modification of CNCs with
a quaternary ammonium salt [28].

Lasseuguette [29] attempted to modify the surfaces of oxidized cellulose microfibrils by
different amine-terminated molecules. The amine groups grafted onto the oxidized cellulose
microfibrils, resulting in a molecule with low polarity. Furthermore, the CNC stability was
improved in non-polar solvents.
Hasani

et

al.

[30]

reported

on

the

surface

modification

of

CNCs

by

epoxypropyltrimethylammonium chloride (EPTMAC). The cationically surface- modified CNCs
had the same morphology and dimensions of the unmodified CNCs. However, the surface
modification process reversed the surface charge and reduced the total surface charge density.
These modifications provided stable aqueous CNC suspensions with unexpected gelling and
rheological properties. Shear birefringence was observed, but no liquid crystalline chiral- nematic
phase separation was detected.

Figure 1.10 Schematics of the reaction mechanism for the surface modification of CNCs
with epoxypropyltrimethylammonium chloride (EPCMAC) [30].
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Habibi et al. [31] prepared model CNC-based cellulose surfaces by the LangmuirSchaeffer technique. The CNC surfaces were modified by a cationic surfactant, i.e.,
dioctadecyldimethylammonium bromide, which was transferred from the air/liquid interface in
an aqueous suspension to the hydrophobic solid substrate. Langmuir-Schaeffer horizontal
deposition at various surface pressures was employed to produce single CNC coating layers. The
CNC monolayer coatings were shown to be smooth, stable, and strongly attached to the solid
support.
Heux et al. [32] studied the surface modification of CNCs with an anionic surfactant, i.e.,
phosphoric ester of polyoxyethylene(9) nonylphenyl ether, and showed that stable CNC
dispersions and chiral- nematic phase formation in non-polar solvents are achieved. Ansari et al.
[33] studied the dispersion of surface- modified CNCs by dodecyltrimethylammonium chloride in
hydrophobic polymer matrices. They showed that hydrophobic functionalization of CNCs
provides a better CNC dispersion in organic solvents and solvent-cast poly(vinyl acetate). In a
similar study, Ansari et al. [33] also performed the surface modification of CNCs by
dodecyltrimethylammonium chloride in poly(vinyl acetate) through the solvent casting method.
Though the mechanical properties of the resulting nanocomposites increased with both
unmodified and surface- modified CNCs, the reinforcing efficiency was much lower in the
unmodified CNC nanocomposites as opposed to the modified ones.
Petersson et al. [34] studied the fabrication of poly(lactic acid) (PLA) enhanced with
CNCs. They modified the CNC surfaces with either tert-butanol or a surfactant, Beycostat A B09,
to find a system that would show flow birefringence in chloroform. They observed that the
surface- modified CNCs show the desired flow birefringence in chloroform and produce better
dispersion in the nanocomposites. Both modified and unmodified CNCs were shown to give

11

improved thermal properties for the nanocomposites between 25°C and 220°C. The storage
modulus of both nanocomposites were improved, indicating that modified CNCs were dispersed
well in the matrix.

1.3 CNC-BASED NANOCOMPOSITES
CNCs are emerging as promising nano-reinforcement materials in the polymer
nanocomposite industry due to their high specific mechanical properties [2-4]. However, the
application of CNCs is still limited due to their low processing temperature. The crystalline
structure of CNCs may degrade at high temperatures. CNCs are further difficult to disperse in
non-polar and hydrophobic matrices due to their polar and hydrophilic nature. To improve their
interfacial compatibility with non-polar and hydrophobic matrices, the CNCs are generally
modified by mechanical or chemical means.
1.3.1

EPOXY RESINS

In the present study, an epoxy resin, which is a hydrophobic thermosetting resin, is used.
Epoxy resins have been widely utilized in anticorrosion coatings, structural adhesives, aerospace
structures, electronic and biomedical systems, and, in general, as a matrix for fiber-reinforced
composites due to their exceptional mechanical properties, good adhesion strength, as well as
heat and electrical resistance [35].
The most common synthesis method for diglycidyl ether of bisphenol- A (DGEBPA), the
backbone structure of epoxy, is the reaction between bisphenol-A (BPA) and epichlorohydrin
(ECH) (Figure 1.11) [36]. Epoxy resins are cured by curing agents, such as amines and
anhydrides, to form highly crosslinked 3-D network structures. The properties of cured epoxy
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resin depends on temperature and curing time. The mechanism of curing reaction between epoxy
resins and amines is shown in Figure 1.12.

Figure 1.11 Synthesis of DGEBPA [36].

Figure 1.12 Epoxy curing mechanism in a reaction between epoxide and amine [35].

1.3.1.1 CNC/EPOXY NANOCOMPOSITES
Xu et al. [22] reported on improved mechanical and thermal performance of a waterborne
cured epoxy by incorporating CNCs. A 15 wt% CNC-loaded epoxy nanocomposite provided a
storage modulus increase of 100%, a glass transition temperature (Tg) increase from 66.5°C to
75.5°C, and a tensile strength increase from 40 MPa to 60 MPa compared to the neat cured
epoxy.
Peng et al. [37] investigated the CNC addition to pre- formulated curing agents as an
alternative approach to disperse CNCs in a liquid epoxy resin. Three types of curing agents, i.e.,
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Jeffamine D400, diethylenetriamine, and (±)-trans-1,2-diaminocyclohexane, were investigated
with respect to their interfacial compatibility with the CNCs. They found that improvement in
the CNC dispersion depends on the structure of the curing agent. The Young’s modulus of the
cured epoxy with less than 2 wt% CNCs was increased by 16% in Jeffamine D400-cured system
and by 19% in diethylenetriamine-cured system compared to the neat cured epoxy. The
diethylenetriamine-cured system had the largest increase in the mechanical properties among all
the specimens tested.
Girouard et al. [38] reported on two processing protocols involving 1) mixing the
waterborne epoxy, CNCs, and curing agent in one step and 2) mixing waterborne epoxy and
CNCs first, then adding curing agent before the resin curing (a two-step process). Based on their
results, different levels of CNC dispersion in the final nanocomposites were achieved by the two
processing protocols. The two-step process provided a better CNC dispersion and, hence,
resulted in higher mechanical properties of the final cured nanocomposites.
In Wu et al.’s report [39], CNCs are shown to exhibit an excellent reinforcing effect on
waterborne terpene-maleic ester type epoxy (WTME) matrix due to the formation of hydrogen
bonds between the CNC nanofillers and the WTME matrix. They found that the storage modulus
of CNC/WTME nanocomposites would increases with an increase in the CNC content. Based on
their results, the incorporation of CNCs in the WTEM matrix brings about a microphase
separation and destroys the compactness of the matrix. Moreover, the Tg of the nanocomposites
decreases slightly with an increase in the CNC content.
Tang et al. [40] reported on the tensile storage modulus of CNC/epoxy nanocomposites,
where the CNCs were isolated from cotton and tunicates. The modulus in the glassy region of the
cured nanocomposite increases from 1.6 GPa for the neat cured epoxy to 4.9 GPa and 3.6 GPa
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for the 16% V/V CNC/epoxy nanocomposites from tunicate and cotton sources, respectively.
The tensile storage modulus at the rubbery state of the nanocomposite increases from 16 MPa for
the neat cured epoxy to 1.6 GPa and 215 MPa for nanocomposites incorporating CNCs from
tunicate and cotton, respectively.

1.3.1.2 HIGH-SHEAR MIXING
High-shear mixing is a common process used in the polymer nanocomposite industry.
For example, in a three-roll mill, high shear forces are applied by three horizontally positioned
rolls (rotating in the opposite directions with different speeds relative to each other) to mix,
refine, disperse, or homogenize viscous materials fed into it. It is widely used to mix cosmetics,
plastisols, paints, printing inks, pharmaceuticals, glass coatings, dental composites, pigments,
coatings, adhesives, sealants, and food products. A general configuration of the three-roll mill is
shown in Figure 1.13. The high-shear gap between the feed and center rolls is shown in Figure
1.13 (b). Because of the presence of a narrow gap between the adjacent rolls, most of the mixture
is rejected back to the feed region causing a through mixing. Moreover, opposite rotational
directions and different angular velocities of the adjacent rolls are responsible for the generation
of very high shear forces. The angular velocity of the center roll is typically twice as fast as that
of the feeder roll. Similarly, the apron roll rotates twice as fast as the center roll.
Yasmin et al. [41] reported on high levels of dispersion and exfoliation of clay
nanoparticles in an epoxy matrix within a short period of time using a three-roll mill. Thostenson
et al. [42] and Yasmin et al. [43] investigated the dispersion of nanofillers in an epoxy matrix.
They found that the nanofillers improve the mechanical properties of the final cured
nanocomposites when dispersed in the matrix by a three-roll mill.
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Yasmin et al. [43] investigated the processing techniques to improve the dispersion of
nanofillers in epoxy matrix and the resulting mechanical property improvements in the final
nanocomposites. They found that a combination of three-roll mill and sonication provides the
best nanofiller dispersion and results in the highest nanocomposite mechanical properties.

Figure 1.13 A schematic diagram showing (a) the general configuration of a three-roll mill
and (b) the high-shear gap between the feed and center rolls . In this figure, ω is the angular
velocity of the roll [42].

1.3.1.3 CNC ORGANOGEL
Another method to improve the CNC interfacial compatibility with the non-polar and
hydrophobic matrices is the formation of a self-assembly of well- individualized CNCs (without a
CNC surface modification). A simple and versatile process was first introduced by Capadona et
al. [44]. The first step in this process is the formation of a self-assembly of the CNCs through a
sol-gel process, which includes gelation through solvent exchange with a water- miscible organic
solvent, such as methanol, acetone, tetrahydrofuran, ethanol, acetonitrile, and isopropanol. A
mechanically coherent CNC-organic solvent gel, which is called “organogel,” is achieved. The
second step is to mix the organogel in a polymer matrix and to fabricate the nanocomposites by
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drying and compaction using compression molding. Utilizing this technique, Capadona et al. [44]
reported a better CNC dispersion in the polymer matrix and an increase in the mechanical
properties of three different systems, i.e., cis-polybutadiene (PBD), ethylene oxideepichlorohydrin (EO-EPI), and polystyrene (PS). Capadona et al. [45] further reported on
dispersions of cotton and microcrystalline cellulose (MCC) organogels prepared through the solgel process with dimethyl formamide (DMF) in EO-EPI. The MCC polymer nanocomposites
were shown to possess improved mechanical properties. They fabricated the MCC/EO-EPI
nanocomposites through the organogel method and optimized their processing conditions to
achieve the maximum mechanical property improvement, as predicted by the percolation model.
Siqueira et al. [46] reported on the formation of a CNC organogel with ethanol and
investigated its dispersion in a cellulose acetate butyrate (CAB) matrix. Their DMA results
indicate that the nanocomposite Tg shifts from 164°C to 171°C with a 12 wt% CNC
concentration. The increase in the nanocomposite Young’s modulus was observed with an
increase in the CNC concentration. Moreover, and the nanocomposite strength would increase up
to a CNC concentration of 9 wt%.
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Figure 1.14 Schematics of the procedure for the CNC organogel/epoxy nanocomposite
preparation, i) preparation of organogel with a water-miscible organic solvent , ii)
attainment of a mechanically coherent organogel, iii) preparation the organogel/polymer
mixture, iv) attainment of dried nanocomposites, and v) compression molding of the dried
nanocomposites [44].

The objectives of this study is to improve the dispersion and interfacial compatibility of
CNCs in non-polar and hydrophobic matrices, as well as to improve the mechanical and thermal
properties of the cured epoxy nanocomposites by the addition of CNCs. Three approaches, i.e., 1)
using a CNC organogel, processed with a combination of three-roll milling and probe sonication
(CNC organogel/epoxy), 2) using unmodified freeze-dried CNCs, processed with a combination
of three-roll milling and probe sonication (CNC/epoxy), and 3) using pretreated CNCs (coated
with the curing agent), processed with a combination of cooled three-roll milling and bath
sonication (C-CNC/epoxy), were pursued to achieve the desired objectives. There are published
reports on the first approach, i.e., the organogel method, which indicate that a better dispersion of
CNCs in achieved in polymer matrices [40, 44-46]. Similarly, CNC organogel/epoxy
nanocomposites in this work exhibit higher storage moduli than those of the neat epoxy at the
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5 wt% CNCs concentration. However, the fabrication of these nanocomposites is very
challenging and time-consuming. The difficulty lies in the evaporation of acetone to make
bubble-free specimens. The method of organogel preparation in acetone, fabrication of 5 wt%
CNC organogel/epoxy nanocomposites, and the relevant DMA data are given in Appendix A.1.
In Chapter 2, the fabrication of CNC/epoxy and C-CNC/epoxy nanocomposites and their DMA
behavior are reported.
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2 EFFECTS OF FORMULATION AND PROCESSING ON THE
DYNAMIC MECHANICAL AND THERMAL PROPERTIES
OF CELLULOSE NANOCRYSTAL/EPOXY
NANOCOMPOSITES

2.1 ABSTRACT
Cellulose nanocrystals (CNCs) have emerged as promising nanofillers in the field of
nanotechnology due to their biocompatibility, biodegradability, renewability, and high specific
mechanical properties. Because of the hydrophilic nature of the CNCs, their dispersion in
hydrophobic matrices is cumbersome and challenging. In this study, we report on the fabrication
and characterization of CNC-based epoxy nanocomposites using pristine (designated simply as
CNCs) and surface-coated CNCs (C-CNCs) through a solvent- free process. A green
environmentally friendly surface modification of CNCs was prepared in an aqueous suspension,
where the negatively charged CNC and positively charged curing agent (EPIKURE 3140) bound
non-covalently to green environmentally friendly coat the CNC surface. CNCs were dispersed in
epoxy using three-roll milling and probe sonication, whereas bath sonication was used to avoid
premature curing for C-CNCs. The reinforcing effect of CNCs and C-CNCs on cured epoxy was
analyzed by dynamic mechanical analysis. Both nanocomposites exhibited higher stiffness and

20

energy dissipation characteristics compared to the neat cured epoxy. CNCs gave the best results
at 5 wt%; storage modulus increased 31%, while the loss modulus increased 57%. Green CNCs
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can be used to improve the stiffness and damping behavior of epoxy nanocomposites with
potential applications in light-weight structural composites for the construction, automotive, and
aerospace industries.

2.2 INTRODUCTION
Interest in biodegradable and renewable materials in the nanotechnology sector has
increased recently due to the environmental concerns expressed by the industry and government.
Among these materials, cellulose has emerged as a promising candidate due to its non-petroleum
and carbon-neutral nature, as well as its good mechanical properties [2]. Cellulose nanocrystals
(CNCs), which are rod- like nanoparticles extracted from various sources of cellulose, such as
wood, tunicates and bacteria), have been used as nanofillers in various nanotechnology related
industries [2, 3]. CNCs have found numerous applications over the past decades due to their
abundance in nature, biocompatibility, biodegradability, renewability, and non-toxicity, as well
as good specific mechanical properties and relatively low density [2, 3, 25]. Their tensile
strength is higher than Kevlar-49 fiber, carbon fiber, and steel wire [2]. Because of the
reinforcing potential of CNCs, they have been incorporated into various thermoplastic polymer
matrices, such as polypropylene [28], poly(vinyl alcohol) [47], poly(lactic acid) [34, 48], and
polyethylene [49], as well as thermosetting polymer matrices such as epoxy resins [22, 37-40].
However, dispersing CNCs in hydrophobic matrices to reinforce polymers is highly challenging.
Epoxy resin, which is one of the most commonly used thermosetting resins, has many
versatile applications in paints and coatings, adhesives, industrial tooling, aerospace industry,
electronic materials, and biomedical systems. They are cured with various types of curing agents,
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including amines, alkali, and anhydrides, to yield crosslinked three-dimensional (3D) rigid
structures [35]. One of the most common approaches to disperse CNCs in hydrophobic polymer
matrices, such as epoxy, is to mix the CNCs in waterborne emulsions of the polymer to increase
their interfacial compatibility. Numerous studies have been published on the reinforcing effect of
CNCs on the final cured epoxy when initially dispersed in waterborne epoxy resins. The results
of these studies point to a good CNC dispersion in the resin with a potential reinforcing effect on
the mechanical properties of the cured epoxy [22, 38, 39]. The CNC surface modification is one
of the most effective ways to increase the dispersion and interfacial compatibility of the CNCs in
non-polar and hydrophobic matrices. There are covalent surface modification methods, such as
acetylation [50, 51], esterification [52], silylation [53], isocyanation [54, 55], and polymer
grafting [49, 56-58], as well as non-covalent methods [27-33].
The non-covalent surface modification of the CNCs is a simple process as opposed to the
covalent modification. The former is often achieved by adsorption of the chemical modifier on
the CNC surfaces through an ionic interaction between oppositely charged entities or
polyelectrolyes [26]. An example of a green environmentally friendly surface modification of
CNCs is a procedure in which a quaternary ammonium salt in an aqueous suspension is used.
The result is a better dispersion of the CNCs in non-polar solvents [27, 28]. Surfactants, such as
(2,3-epoxypropyl)trimethylammonium

chloride,

dioctadecyldimethlyammonium

bromide,

phosphoric ester of polyoxyethylene(9) nonylphenyl ether, and dodecyltrimethylammonium
chloride with hydrophobic end groups, have also been employed to modify the CNC surfaces,
resulting in a good CNC dispersion in non-polar and hydrophobic solvents [30-33]. The surfacemodified CNCs prepared by the non-covalent method have been incorporated into various
hydrophobic matrices, such as polypropylene [28] and poly(vinyl acetate) [33]. In general, a
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better dispersion of the CNCs in the hydrophobic matrices, as well as improved mechanical
properties of the CNC/polymer nanocomposites, have been observed with surface- modified
CNCs as opposed to the pristine (unmodified) CNCs [28, 33].
In this study, an optimal processing method to disperse both pristine CNCs (designated
simply as CNCs) and surface-coated CNCs (C-CNCs) in a solvent- free epoxy resin was
investigated. Furthermore, the physical and dynamic mechanical properties of the final cured
CNC/epoxy and C-CNC/epoxy nanocomposites were investigated. Three-roll mills have been
used to obtain better dispersion of nanofillers in epoxy resins [42, 43]. A combination of threeroll mill and sonication has been shown to provide a better nanofiller dispersion in the resin
compared to a three-roll mill alone [41].

C-CNCs were prepared by a relatively green

environmentally friendly method to pretreat the CNC surfaces with a curing agent (EPIKURE
3140) in an aqueous suspension, where the oppositely charged CNC sulfate groups and curing
agent ammonium groups yielded a stable coating of the curing agent on the CNC surfaces.
Atomic force microscopy (AFM), Fourier-transform infrared spectroscopy (FT-IR), zeta
potential, conductometric titration, and thermogravimetric analysis (TGA) were used to
characterize the CNCs and C-CNCs. The mechanical reinforcing effects of both CNC types on
the final cured epoxy were determined below and above their mechanical percolation threshold
using dynamic mechanical analysis (DMA). Moreover, the thermal properties of the resulting
nanocomposites were monitored as a function of CNC concentration using thermogravimetric
analysis (TGA).
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2.3 MATERIALS AND METHODS
2.3.1

MATERIALS

The pristine CNCs were purchased as an 11.5 wt% slurry from the University of Maine.
They were manufactured by sulfuric acid hydrolysis at the US Forest Service’s Cellulose
Nanomaterials Pilot Plant at the Forest Products Laboratory (FPL). The original CNC slurry was
diluted to a 5-6 wt% aqueous suspension, and freeze-dried for the fabrication of nanocomposites.
The epoxy resin (Hexion Epon 815C) was received from Miller-Stephenson Chemical Company,
Inc. The resin has an epoxy equivalent weight (EEW) of 180-195 and a density of 1.13 g/cm3 at
20°C. The amine curing agent (EPIKURE 3140) was also received from Miller-Stephenson
Chemical Company, Inc. It has an amine hydrogen equivalent weight (AHEW) of 95 and a
density of 0.97 g/cm3 . The curing agent is a reactive polyamide with high imidazoline content
based on a dimerized fatty acid and polyamines. A defoamer (polysiloxanes in diisobuthyl
ketone, BYK–066N, from BYK Additives & Instruments, density = 0.81 g/cm3 at 20°C) was
used as received. Hydrochloric acid (HCl, 0.1N, Reagents, Inc.) was used as received.. HCl (1N,
Fisher Chemical) and sodium hydroxide (NaOH, 10N, Fisher Chemical) were used as received.
2.3.2

FABRICATION OF NANOCOMPOSITES

2.3.2.1 CNC/EPOXY NANOCOMPOSITES
Epoxy and 0.3 ml of defoamer were mixed with the freeze-dried CNCs in the amounts of
1, 2, 3, 5, 7 and 10 wt%. The mixture was stirred with an overhead mixer for 10 min at 900 rpm
and ambient temperature, followed by a probe sonication (Q700 Sonicator, Qsonica Sonicators)
using a 30% amplitude and a total processing time of 15 min (5 min on and 2 min off) in an ice
bath. A three-roll mill (Lab Model, Torrey Hills Technologies) was used to achieve a uniform
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and homogeneous mixture. The mixture was poured in a hopper between the feed and center
rolls, turning at the lowest speed of 5-10% of the max speed (108 RPM for feed roll). The gap
between the feed and center rolls, as well as between the center and apron rolls were adjusted to
0.02 mm to transfer the mixture to the apron roll. After the initial run, the roll speed was
increased to 50% of the max value. The mixture emerging from the apron roll was scraped by a
blade and fed back to the hopper. In total, the mixture was milled for 10 passes, including the
gap adjustment pass. With each pass, the mixture became more transparent. After the milling, the
mixture was again sonicated by the probe sonicator at a 30% amplitude for a total processing
time of 15 min (5 min on and 2 min off) in the ice bath. Then, the curing agent was added to the
mixture in the ratio of 45 wt% curing agent to the epoxy resin and stirred by the overheard mixer
for another 3 min at 500 rpm and ambient temperature. The final mixture was cast in a silicone
mold and let to degas overnight. Once degassed, the mixture was cured in a convection oven at
100°C for 2 h.

2.3.2.2 C-CNC/EPOXY NANOCOMPOSITES
C-CNCs were prepared based on the method reported by Nagalakshmaiah et al. [28] with
the exception that a curing agent was used in this study instead of a quaternary ammonium salt.
The pH level of the CNCs was adjusted from 7 to 10. The pH level of the curing agent was 1212.5, which was adjusted to 7-7.5 to accelerate the ionization of the ammonium groups. The ratio
of the curing agent to the CNCs was 50 wt%. The pH-adjusted CNC aqueous suspension was
added dropwise to the pH-7 curing agent, while being stirred for 3 h at 50°C to avoid CNC
aggregation. Then, the mixture was stirred at room temperature overnight. The C-CNCs were
freeze-dried and stored in a desiccator. The C-CNC/epoxy nanocomposites with the CNC
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concentrations of 1, 3, 5, and 7 wt% were fabricated by the same processing method as that of
the CNC/epoxy nanocomposites, with the exception of cooling the three-roll mill during the
milling and using bath sonication (75HT, 3 Amps, 50/60 Hz, VWR) before and after three-roll
milling instead of probe sonication to prevent a premature curing of the resin. The required
amount of curing agent for C-CNC/epoxy nanocomposites was calculated and added in the
mixture to be consistent with the amount of curing agent in the final cured CNC/epoxy
nanocomposites. The effect of coating was studied by preparing another set of CNC/epoxy
nanocomposites of 1, 3, 5, and 7 wt% using the same procedure as the C-CNC/epoxy
nanocomposites.

2.3.3

CHARACTERIZATION OF CNC, C-CNC AND CNC-BASED EPOXY
NANOCOMPOSITES
2.3.3.1 ATOMIC FORCE MICROSCOPY (AFM)

The morphology of the CNC and C-CNC nanoparticles were analyzed by an atomic force
microscope (MultiMode 8, Bruker Nano, Inc.) in tapping mode. Freeze-dried CNCs and C-CNCs
were dispersed in deionized water to achieve a 0.002 wt% aqueous suspension. A few drops of
the CNC aqueous suspension were placed onto a freshly cleaved mica surface (15 mm2 , Ted
Pella, Inc.) and dried in a desiccator overnight. The dimensions of the CNCs were determined by
AFM imaging. In total, 226 isolated individual CNCs were included in the generation of size
distribution statistics.
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2.3.3.2 CONDUCTOMETRIC TITRATION
The presence of sulfate groups (–SO3 H) on the CNC surfaces (a result of sulfuric acid
hydrolysis) was determined by a conductometric titration with a 0.01 M NaOH solution. A
0.2 wt% CNC aqueous suspension was dispersed by probe sonication in an ice bath. The pH of
the CNCs was adjusted to less than 3 by adding a 0.01 M HCl solution. The pH and conductivity
of the CNCs were monitored by a benchtop multiparameter meter (Orion Star A215, Thermo
Scientific). Next, the CNC aqueous suspension was titrated with a 0.01 M NaOH solution.

2.3.3.3 ZETA POTENTIAL
The surface charge density of the CNCs, C-CNCs, and the aqueous suspension of the
curing agent (pH adjusted to 7) was measured by a Malvern Zetasizer Nano ZS. Freeze-dried
CNCs and C-CNCs were dispersed in deionized water to achieve a 0.1 wt% suspension and their
pH levels were measured. The pH of the curing agent suspension was adjusted to 7 by adding an
HCl solution, where after the zeta potentials of the CNCs, C-CNCs, and the curing agent
suspension were measured. Next the average values of ten measurements were calculated.

2.3.3.4 FOURIER-TRANSFORM INFRARED SPECTROSCOPY (FT-IR)
The surface functional groups of the CNCs and C-CNCs were investigated by an
attenuated total reflectance (ATR)-FTIR spectrometer (Cary 630 FTIR Spectrometer, Agilent
Technologies) with a single-bounce diamond crystal.. The MicroLab FTIR software (FTIR
Software, Agilent Technologies) was used for collecting the data. The spectrum range was 4000600 cm-1 with a resolution of 4 cm-1 .
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2.3.3.5 DYNAMIC MECHANICAL ANALYSIS (DMA)
Storage moduli, loss moduli, and Tan δ (ratio of loss to storage modulus) of the
nanocomposite specimens were determined by a Q800 Dynamic Mechanical Analyzer (TA
instruments, USA) at the frequency of 1 Hz, temperature range of room to 130°C, and a heating
rate of 10°C/min. The size of the polished test specimens was 30-40 mm in length, 9-10 mm in
width, and 2.5-5.0 mm in thickness by cutting and sanding. The DMA data are reported as an
average of five specimens, excluding any outliers.

2.3.3.6 THERMOGRAVIMETRIC ANALYSIS (TGA)
The thermal decomposition of the CNCs, C-CNCs, CNC/epoxy, and C-CNC/epoxy
nanocomposites were characterized by a Q500 thermogravimetric analyzer (TA instruments,
USA). The 3 to 8 mg of freeze-dried CNCs and C-CNC, and 5 to 10 mg of nanocomposites
specimens crumb after testing their DMA were heated from room temperature up to 650°C with
a heating rate of 10°C/min under nitrogen.

2.4 RESULTS AND DISCUSSION
2.4.1

CNC and C-CNC CHARACTERIZATION

The ammonium end groups of the curing agent aid its ionic adsorption on the CNC
surface through the CNC sulfonated end groups, as shown in Figure 2.1. The pH level of the
curing agent was 12-12.5, which was adjusted to 7-7.5 to increase the solubility of the curing
agent. The pH level of the CNCs was adjusted from 7 to 10 to maintain pH 7.5-8 after mixing
with curing agent. The color of the mixture of pH-10 CNCs and pH-7 curing agent was milky
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white. After the overnight reaction, the mixture was slightly viscous and gel- like. The
photographs of suspensions and mixture of pH-10 CNCs and pH-7 curing agent are shown in
Figure C.1 in the Appendix C.

Figure 2.1 A schematic of the reaction mechanism for the surface modification of CNCs
with the curing agent.

The CNC surface modification was confirmed by the zeta potential values. The zeta
potential value of the CNCs was -50.8 ± 1.9 mV at a pH of 6.92 due to the presence of the
negatively charged sulfate groups induced by sulfuric acid hydrolysis [17, 24]. The zeta potential
of the curing agent aqueous suspension was +74.7 ± 3.3 mV at a pH of 7.26. The zeta potential
of the C-CNCs was +45.0 ± 1.9 mV at a pH of 7.07 due to the presence of curing agent on the CCNC surfaces.
Simple colloidal stability tests were conducted in water to investigate the CNC and CCNC surface modifications. These nanoparticles were dispersed in water, by probe sonication
using a 30% amplitude and a total processing time of 15 min (1 sec on and 1 s off) in an ice bath
to achieve a 1 wt% suspension. Photographs of the suspensions are shown in Figure 2.2. The
CNC aqueous suspensions were stable thanks to the electrostatic repulsion of negatively charged
sulfate groups on the CNC surfaces. In addition, they showed a characteristic chiral- nematic
behavior in the aqueous suspension [17, 24]. The C-CNC aqueous suspensions flocculated
immediately after preparation and settled down after a week.
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Figure 2.2 Photographs of colloidal stability tests: aqueous suspensions of the CNCs (left)
and C-CNCs (right) (a) immediately after sonication and (b) after a week.

The morphology of CNCs and C-CNCs was examined by AFM. As shown in Figure 2.3,
an elongated shape was observed for both CNCs and C-CNCs. As expected, the CNCs dispersed
well on the hydrophilic mica surface, whereas the C-CNCs formed large aggregates.

Figure 2.3 (a) Height and (b) phase images of CNCs and (c) height and (d) phase images of
C-CNCs.

31

The CNC size distribution, as determined by the AFM image analysis is shown in Figure
C.2 in the Appendix C. The average length and width of the CNCs were 147 nm and 5.07 nm,
respectively. The average aspect ratio was 29.0 nm. The morphology and dimensions of the
CNCs in this work are similar to published data for the CNCs isolated from wood pulp [17, 22,
28].
The density of the CNCs, ρCNCs, was estimated based on the weight of two cellobiose
units and the cellulose Iβ unit cell (lattice parameters: a = 7.78 Å , b = 8.20 Å , c = 10.4 Å, γ =
96.5°, and V = 658 Å 3 [7]).

The density used was 1.64 g/cm3 .

The percolation threshold

(ωpercolation ) was estimated by the following equations:

where ɸ is the volume fraction of the CNCs, R is half of the CNC width, L is the CNC height, ω
is the CNC mass fraction, and ρ rel is the density ratio of the solvent to the CNCs. The percolation
threshold (ω percolation ) was determined to be 2.22 wt% CNCs to the epoxy. Above ωpercolation , a
rigid CNC network structure is formed due to hydrogen bonding. Moreover, a strong reinforcing
effect is observed for the CNCs in the matrix [4, 59, 60].
A model representation of the CNC cross-section to estimate the available –SO3 H groups
for the ionic surface modification is shown in Figure 2.4. The model was adapted from Habibi et
al. [61] with the modifications that the derivative resource in this study was wood instead of
tunicates and the shape of the cross-section was square instead of rectangular (Figure 2.4). The
lengths of the corresponding lattice planes were 0.61 nm and 0.54 nm, respectively. The (1 0)m
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planes are parallel to the CNC height- length surface area and the (110)m planes are parallel to the
CNC width- length surface area, respectively (Figure 2.4). DOHmax , the maximum number of
hydroxyl groups on the CNCs surfaces, is estimated by the following equation:

where MW cellobiose is the molecular weight of cellobiose, V CNCs is the volume of the CNCs, and
OHtotal is the sum of the OHH and OHW , which is the number of –OH groups on both sides of the
CNC height- length surface area (OHH ) and the number of –OH groups on both sides of the CNC
width- length surface area (OHW ). In detail, there are two quarters of cellobiose at the edges and
half of cellobiose at the center of the unit areas, which are represented by the dotted area on the
CNC height- length surface and dashed area on the CNC width- length surface (Figure 2.4). One
cellobiose has two –OH groups on the CNC surface, but one –OH group is buried inside of
CNCs. Thus, one cellobiose has one available –OH group for surface modification [61]. OHH
and OHW are calculated by the sum of both sides of the CNC height- length surface area/dotted
area and the sum of both sides of the CNC width- length surface area/dashed area, respectively.
The DOHmax is estimated to be 0.673 mmol OH / g CNCs. Calculations are shown in Appendix
B. During acid hydrolysis, sulfate groups are introduced with a stoichiometric ratio of one
–SO 3 H with respect to the primary –OH groups; however the reverse hydrolysis reaction limits
the maximum conversion.
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Figure 2.4 A schematic representation of the CNC cross-section.

The presence of –SO3 H functional groups on the CNCs was determined by a
conductometric titration with a 0.01 M NaOH solution. The CNC conductivity and pH as a
function of NaOH volume is shown in Figure 2.5. The titration volume was determined by a
linear regression of three different data sets. The first line, y1 , is related to the titration of excess
HCl solution, the second line, y2 , corresponds to the titration of the –SO3 H groups on the CNC
surfaces, and the last line, y3 , is related to the excess NaOH solution. The two intersections of the
lines were determined and the required NaOH volume to titrate the –SO3 H groups on the CNC
surfaces was calculated. The two intersections of the regressed lines were at NaOH volumes of
5.4 and 11.4 mL. Approximately 6.0 mL of NaOH was required to titrate the –SO3 H groups on
the CNC surfaces. Thus, the maximum available –SO 3 H groups for the ionic surface
modification is 0.483 mmol SO3 H / g CNCs. According to our size measurements and
calculations, the estimated –SO3 H groups on the CNC surfaces is equal to 72% of the DOHmax .
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HCl
–SO3 H
NaOH

Figure 2.5 Surface charge density of CNCs by conductometric titration.

The TGA results for the CNCs and C-CNCs, which are comprised of weight loss and first
derivative of weight loss as a function of temperature, are shown in Figure 2.6. The thermal
decomposition profile is similar for the CNCs and C-CNCs. Moreover, the CNC decomposition
is consistent with the previous published reports for the CNCs isolated from softwood pulp by
sulfuric acid hydrolysis [22, 28]. The initial CNC and C-CNC weight loss up to ~250°C is due to
the evaporation of the adsorbed moisture on the CNC surfaces. The decomposition above 300°C
corresponds to the degradation of the crystalline cellulose structure and solid residues [22, 28].
However, degradation rate for the C-CNCs is higher than that of the CNCs. This observation is
possibly due to the evaporation of non-adsorbed polyamides in the C-CNCs.
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Figure 2.6 TGA weight loss and derivative of weight loss as a function of temperature for
CNCs and C-CNCs.

The surface functional groups of the CNCs were further investigated by the FT-IR
spectroscopy (Figure 2.7). Both CNCs and C-CNCs exhibit the following characteristic peaks of
cellulose: 1) 3,300 cm-1 (the stretching vibrations of the O-H groups of cellulose and absorbed
moisture on the CNC surfaces) [62, 63], 2) 1,330 cm-1 (attributed to the C-O groups of the
cellulose aromatic ring) [64, 65], 3) 1,010 cm-1 (the C-O stretching of the glucose unit ring) [6668], and 4) 899 cm-1 (a characteristic peak, indicative of the β- glucose bonds (C 1-O-C4 ) in the
cellulose backbone) [64-68]. Significant spectral differences were observed between the CNCs
and C-CNCs: 1) new peaks at 2,920 and 2,850 cm-1 , which are related to the asymmetric and
symmetric –CH2 – stretching of the fatty acid chain, respectively, [28], 2) increase in the
absorbance peaks at 1,640 and 1,550 cm-1 , due to the amide I (C=O + C–N) and amide II (C–N +
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N–H) groups, and 3) a new absorbance peak at 1,460 cm-1 , which is attributed to the stretching

Absorbance

vibration of the C–N groups in imidazoline [69].

Wavenumbers (cm-1 )
Figure 2.7 The FT-IR spectra of CNCs and C-CNCs.

2.4.2

NANOCOMPOSITE CHARACTERIZATION

Photographs of the CNC/epoxy and C-CNC/epoxy nanocomposites, prepared by thermal
curing, are shown in Figure 2.8. In general, the nanocomposites become less translucent with an
increase in the nanoparticle concentration. Above the percolation threshold, i.e., 3 wt% CNC, the
transparency is relatively good, indicating that the CNCs are well-dispersed in the epoxy matrix.
At 5 wt% C-CNC concentration, the best transparency was observed among all the CNC/epoxy
and C-CNC/epoxy nanocomposites, with the exception of the neat cured epoxy. This observation
could be attributed to an increase in the interfacial compatibility between the epoxy resin and C-
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CNCs thanks to the CNC surface modification. The surface modification of the CNCs is verified
by a positive value of the zeta potential for the C-CNCs and by comparing the FT-IR spectra of
the C-CNCs and CNCs (Figure 2.7).

Figure 2.8 Photographs of nanocomposites. From left to right: neat, 3 and 5 wt%
CNC/epoxy, and 3 and 5 wt% C-CNC/epoxy nanocomposites.

2.4.2.1 DYNAMIC MECHANICAL ANALYSIS
Dynamic mechanical properties, i.e., storage and loss modulus, of the CNC/epoxy and CCNC/epoxy nanocomposite were compared versus those of the neat cured epoxy. The storage
and loss modulus for the glassy and rubbery regions were measured at 40°C and 110°C,
respectively. The former is considered as the upper bound of normal service temperatures for the
nanocomposites. In this work, the DMA results for the two systems are compared with respect to
similar and optimal processing conditions to elucidate the effects of CNC type and processing
method. The complete set of storage and loss modulus data for the CNC/epoxy and C38

CNC/epoxy nanocomposites prepared with different processing methods are given in Figure E.13 in the Appendix E.
A comparison between the storage and loss moduli of the C-CNC/epoxy and CNC/epoxy
nanocomposites processed with the combination of cooled three-roll milling and bath sonication
is given in Figure 2.9. We limit our discussion here to the specimens with 3 wt% and 5 wt%
nanoparticle concentrations, since the improvement in the dynamic mechanical properties for the
nanocomposites below their percolation threshold (~ 2.2 wt%) is minimal. Moreover, above 5 wt%
CNC concentration, there is a sharp decline in the storage modulus of the specimens. At 10 wt%
CNC concentration, the nanocomposites give inferior storage modulus than neat cured epoxy
nanocomposites.

Figure 2.9 Storage and loss moduli of the CNC/epoxy and C-CNC/epoxy nanocomposites
processed similarly with the combination of cooled three-roll milling and bath sonication
versus the neat cured epoxy.

In general, an increase in the nanocomposite glassy storage and loss modulus was
observed with an increase in both CNC and C-CNC concentrations versus the storage and loss
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moduli of the neat cured epoxy. The observed CNC mechanical reinforcing effect for the
polymer matrix in this work is similar to that published in literature [22, 28, 34, 37-39, 47-49].
When processed at the optimal processing conditio ns for the C-CNC/epoxy nanocomposites, the
highest glassy storage moduli of both C-CNC/epoxy and CNC/epoxy nanocomposites were
observed at the nanoparticle concentration of 3 wt% (Figure 2.9), which is above the ω percolation .
At this concentration, the glassy storage modulus of the two nanocomposites were about the
same (~1.60 ± 0.05 GPa, slightly higher for the C-CNC/epoxy nanocomposites), which
corresponds to an increase of 17% over that of the neat cured epoxy (1.37 ± 0.06 GPa). This
result is an indication of the stiffening effect of the CNCs on the cured epoxy matrix, which is
attributed to favorable load transfer characteristics from the epoxy matrix to the CN C
nanoparticles. Above 5 wt%, the glassy storage moduli of both nanocomposites show a
downward trend, although the values are still higher than those of the neat cured epoxy (Figure
E.2). This is an indication that aggregation of both C-CNCs and CNCs occurs after a
nanoparticle concentration of 3 wt%. The rubbery storage moduli of all C-CNC/epoxy and
CNC/epoxy nanocomposites decrease over that of the neat cured epoxy. However, from a
structural engineering perspective, only the glassy storage modulus is of interest. Above ~65ºC at
the onset of the Tg region, the storage moduli of both nanocomposites drop more rapidly than the
neat cured epoxy, which indicates the viscous effects dominate in the nanocomposites.
The loss modulus is associated with the viscous material response to an external load,
which manifests itself in the form of internal friction during molecular rearrangement and energy
dissipation during the material deformation [70]. The glassy loss moduli for both
nanocomposites at all nanoparticle concentrations are, in general, higher than that of the neat
cured epoxy, with the 5 wt% C-CNC/epoxy nanocomposite giving the highest value. The same
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behavior is observed for the rubbery loss moduli. We speculate that the increase in both the
storage and loss moduli of the nanocomposites over those of the neat cured epoxy is a result of a
trade-off between the stress transfer from the epoxy matrix to the CNC nanoparticle and a
relatively poor interfacial adhesion between the two. However, there must be regions of good
stress transfer required to improve storage modulus. It has been proposed that the (200) plane in
the Iβ lattice is mainly composed of C-H bonds, which are hydrophobic. That crystalline plane is
located at the corners of the CNC crystal and may provide a small area of good stress transfer
between the epoxy matrix and the CNCs [71]. Nevertheless, this interesting behavior can be
exploited in many applications, where an increase in both the stiffness of the epoxy matrix and
its damping characteristics is desired.
A comparison between the storage and loss moduli of the C-CNC/epoxy and CNC/epoxy
nanocomposites processed with their optimal method, i.e., a combination of three-roll milling
and probe sonication for the CNC/epoxy nanocomposites and a combination of cooled three-roll
milling and bath sonication for the C-CNC/epoxy nanocomposites is given in Figure 2.10.
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Figure 2.10 Storage and loss moduli of the CNC/epoxy and C-CNC/epoxy nanocomposites
at their optimal nanoparticle concentration processed using their optimal method, i.e., a
combination of three-roll milling and probe sonication for the former, and a combination of
cooled three-roll milling and bath sonication for the latter.

When processed using their optimal method, the highest glassy storage modulus was
observed for the CNC/epoxy nanocomposites at 5 wt% CNC concentration (Figure 2.10). At this
concentration, a glassy storage modulus of 1.79 ± 0.12 GPa was achieved, which corresponds to
a 31% increase over that of the neat cured epoxy (1.37 ± 0.06 GPa). The rubbery storage moduli
of all the nanocomposites reinforced with either CNCs or C-CNCs decreased over that of the
neat cured epoxy (Figure 2.10).
The highest glassy loss modulus (100.8 ± 5.06 MPa) is observed at the 5 wt% CNC
concentration (Figure 2.10), which is above the percolation threshold of 2.2 wt%. This equals a
57% increase over that of the neat cured epoxy (64.2 ± 4.52 MPa). Above 5 wt%, the glassy
storage and loss moduli of all nanocomposites show a downward trend. This behavior can be
explained by percolation theory. A rigid CNC network is formed inside the nanocomposite
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resulting from strong hydrogen bond interactions[4, 59, 60]. This network bears most of the load
imposed on the material. To date numerous studies have been published on the mechanical
reinforcing effect of CNCs in an epoxy matrix, where the starting epoxy resin is waterborne [22,
38, 39]. Our results indicate that similar enhancement of the mechanical properties can be
achieved by incorporating CNCs in solvent- free epoxy resins. From a fabrication perspective,
this has tremendous advantages, such as eliminating the water evaporation step, which is very
problematic. Indeed, bubbles may be introduced during this step that often leads to defects in the
final cured specimen; especially when producing large specimens.

2.4.2.2 THERMAL PROPERTIES
Tan δ (ratio of loss to storage modulus) data as a function of temperature for the optimal
CNC (or C-CNC) concentration and optimal processing method (see Section 2.4.2.1) are shown
in Figure 2.11. The peak of tan δ is a measure of the Tg of the nanocomposite. As seen in Figure
2.11, the Tg of the CNC/epoxy nanocomposite at 5 wt% CNC concentration is 93.4 ± 0.6°C,
which is a ~15°C decrease compared to the neat cured epoxy (108 ± 3.0°C). As the tan δ
intensity decreases, the interface bonding between the CNCs and the epoxy resin increases and,
hence, the molecular motions and their rearrangement decreases [72]. Above the mechanical
percolation threshold of the nanoparticle, a decrease in T g was observed with increasing CNC
concentration (Figure 2.11). The decrease in T g is due to a poor interfacial compatibility between
the epoxy and the CNCs, as evidenced by an increase in the loss modulus.
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Figure 2.11 Tan δ for Neat, 5 wt% CNC/epoxy nanocomposites processed with the
combination of three-roll milling and probe sonication, and 3 wt% C-CNC/epoxy
nanocomposites processed with the combination of cooled three-roll milling and bath
sonication.

The TGA data for the nanocomposites prepared with the optimal CNC (or C-CNC)
concentration and optimal processing method are given in Figure 2.12. In general, the weight
loss of the nanocomposites decreases slightly with increasing nanoparticle concentration due to
an increase in the number of sulfate groups on the CNC surfaces. In general, the C-CNC/epoxy
nanocomposites exhibit inferior thermal properties compared to those of the CNC/epoxy
nanocomposites (Figure F.2 and Figure F.3 in the Appendix F). It is known that the thermal
stability of CNCs depends on the total number of sulfate groups on the CNC surfaces [73]. The
temperatures corresponding to the different nanocomposite weight losses are summarized in
Table 2.1. As seen in this table, the equivalent weight loss temperatures for the optimal
CNC/epoxy nanocomposite specimen (5 wt% CNC concentrations) is consistent with those of
the neat cured epoxy.
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Figure 2.12 TGA weight loss and derivative weight for Neat, 5 wt% CNC/epoxy
nanocomposites processed with the combination of three-roll milling and probe sonication,
and 3 wt% C-CNC/epoxy nanocomposites processed with the combination of cooled threeroll milling and bath sonication.
Table 2.1 Temperatures associated with the weight loss for nanocomposites as determined
from the TGA data (the highest glassy storage modulus is highlighted).

2.5 CONCLUSIONS
In this study, the following optimal processing method: 1) freeze-dried CNCs in the
epoxy resin processed with a combination of high-shear three-roll milling and probe sonication
and 2) non-covalent surface- modified CNCs (C-CNCs) with the curing agent in the epoxy resin
processed with a combination of cooled three-roll milling and bath sonication were used to
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efficiently disperse the CNCs in a solvent- free epoxy resin and characterized the CNC-based
nanocomposites dynamic mechanical and thermal properties.
In this work, C-CNCs were also used to increase the interfacial compatibility between the
CNCs and the epoxy matrix. Due to the high generated heat during mixing (three roll mill and
probe sonication), the processing method was modified to a combination of cooled three-roll
milling and bath sonication for C-CNC/epoxy nanocomposites to prevent a premature curing of
the resin. C-CNCs were characterized by zeta potential data and FT-IR spectroscopy. The
mechanical reinforcing efficiency of the CNCs and C-CNCs were investigated by dynamic
mechanical analysis (DMA). In general, higher storage and loss moduli were achieved with
increasing concentrations of both CNCs and C-CNCs in the epoxy resin compared to the neat
cured epoxy. However, the storage moduli of the CNC/epoxy and C-CNC nanocomposites were
about the same when they were processed similarly (using the optimal method for the C CNC/epoxy nanocomposites). When each of the two nanocomposites were processed using their
optimal processing method, the CNC/epoxy nanocomposites gave considerably better stora ge
moduli at a slightly higher CNC concentration (5 wt% versus 3 wt% for the C-CNC/epoxy
nanocomposites). This indicates that using probe sonication instead of bath sonication
significantly improves the CNC dispersion in the epoxy resin, thereby a higher s torage modulus
is obtained for the cured nanocomposite. In other words, the effect of processing on the
mechanical reinforcing effect of the CNCs on the epoxy matrix is more pronounced than the
surface coating of the CNC surfaces with the curing agent prio r to its dispersion in the epoxy
matrix.
An increase in the glassy storage and loss moduli of the CNC/epoxy nanocomposites
processed using their optimal processing was observed with increasing CNC concentration. At
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the freeze-dried CNC concentration of 5 wt% nanocomposites, the highest storage modulus was
observed (1.79 ± 0.12 GPa), which is an increase of ~31% over that of the neat cured epoxy
(1.37 ± 0.06 GPa). Also at the 5 wt% CNC concentration, the highest glassy loss modulus was
observed (100.8 ± 5.06 MPa), which is an increase of ~57% over that of the neat cured epoxy
(64.2 ± 4.52 MPa).
Overall, both the CNC/epoxy and C-CNC/epoxy nanocomposites gave better stiffness
and energy dissipation characteristics compared to the neat cured epoxy. These enhanced epoxy
resins find potential applications in the fabrication of light-weight structural composites for the
automotive and aerospace industries. Moreover, the CNCs could compete for petroleum and
synthetic carbon nanofillers in the structural composites applications due to their
biodegradability, inexpensiveness, and low density, as well as superior mechanical and thermal
properties.
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3 THESIS CONCLUSIONS
Cellulose nanocrystals (CNCs) have emerged as promising nanomaterials in the field of
materials science and biomedical applications due to their biocompatibility, biodegradability, and
high specific mechanical properties. Because of the hydrophilic nature of CNCs, their dispersion
in hydrophobic matrices is cumbersome and challenging. Epoxy resin, which is one of the most
commonly used thermosetting polymer resins, is chosen because it has many versatile
applications in paints and coatings, adhesives, industrial tooling, aerospace industry, electronic
materials, and biomedical systems. The CNCs-enhanced nanocomposites in the pure solvent- free
epoxy resin were fabricated with mechanical processing and three different ways of processed
CNCs.
In general, all three different CNCs in the cured pure solvent- free epoxy matrix show
better mechanical properties, such as stiffness and damping characteristics and similar thermal
stability compared to the neat cured epoxy. CNC/epoxy nanocomposites with freeze-dried CNCs
and processed with their optimal method, i.e., a combination of three-roll milling and probe
sonication, gave the highest stiffness and damping behavior among the all. Since CNCs are
relatively inexpensive and biodegradable, the CNC-enhancement of the epoxy resin provides an
easy way to improve the stiffness and damping behavior of the resulting nanocomposites, which
is beneficial to the final structural composite material. These nano-enhanced epoxy resins find
applications in light-weight structural composites in the construction, automotive, and aerospace
industries. Moreover, the CNCs could compete for petroleum and synthetic carbon
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nanofillers

in

the structural composites applications due to

their biodegradability,

inexpensiveness, and low density, as well as superior mechanical and thermal properties.
The surface modification of CNCs with the covalent bond method is suggested to balance
the hydrophobicity and hydrophilicity of CNC surfaces for the future work. There are many
primary alcohol groups on the CNC surfaces, which are able to modify their surface by covalent
bond method, to improve the interfacial compatibility between epoxy resin and CNCs. One
suggestion is utility of the glycidyl ether functional group compound. For instance, 2,3epoxypropyl p- methoxyphenyl ether has epoxy group and hydrophobic end. This epoxy group is
able to be covalently bonded with primary alcohol groups on the CNC surface. Once the surface
modification of CNCs is achieved, these surface modified-CNCs could be utilized in various
non-polar and hydrophobic matrices which are impossible for unmodified-CNCs.
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APPENDIX A. ORGANOGEL
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A.1. PREPARATION OF CNC ORGANOGELS

58

Organogels were prepared by the following method reported by Capadona et al. [44]:
50 g of 11.5 wt% CNC slurry was diluted with 100 g of deionized water to obtain 3 – 4 wt%
CNC aqueous suspension. The mixture was sonicated by a probe sonicator at 30% amplitude for
a total processing time of 15 min (1 sec on and off) to remove possible air bubbles. Next, the
water-miscible organic solvent, acetone, was added dropwise on the top of the CNC suspension.
The organic solvent layer, acetone layer in this work, was exchanged once a day and stirred
carefully to facilitate the solvent exchange until a mechanically coherent gel was formed at the
bottom. It usually took 4-5 days for the organogel to form. Once formed, the organogel was
stored in the refrigerator. The weight percentage of the CNCs in organogel was determined
gravimetrically. The samples of the organogel were collected in three different locations and the
weight difference in their wetted and dried states were calculated. The weight percentage of
CNCs was determined as an average of three samples.
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A.2. FABRICATION OF ORGANOGEL/EPOXY NANOCOMPOSITE

60

50 – 70 g of epoxy was mixed with 40 – 50 wt% acetone in an overhead mixer for 10 min
at 500 rpm and ambient temperature to obtain 50 – 60 wt% of epoxy in the epoxy/acetone
suspension. The organogel (5 wt% CNCs), epoxy/acetone suspension, and 0.3 ml of
defoamerwere mixed in the overhead mixer for 10 min at 900 rpm and ambient temperature,
followed by probe sonication at 30% amplitude and a total processing time of 15 min (1 sec on
and off) in an ice bath. The mixture was placed under hood to degas overnight. Next, the mixture
was placed in a vacuum oven to remove all the remaining acetone. The three-roll milling and
probe sonication were performed as before. Then, the curing agent (in the amount of 45 wt%)
was added to the mixture and the mixture was stirred in an overheard mixer for another 3 min at
500 rpm and ambient temperature. The final mixture was cast in a silicone mold and let to degas
overnight. Once degassed, the mixture was cured in a convention oven at 100°C for 2 h.

Figure A.1 Photograph of the organogel.
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Figure A.2 Comparison of the storage moduli for neat, 5 wt% CNC/epoxy nanocomposites
and 5 wt% organogel/epoxy nanocomposites.
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APPENDIX B. CALCULATIONS
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B.1. SURFACE AREA OF THE CNCS

64

a = 7.78 Å , b = 8.20 Å , c = 10.4 Å, γ
5.

n

96.5°, and

and

unit cell lattice =

n

ρ
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n

.
n

.

ρ
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658 Å 3 [7]

B.2. MAXIMUM NUMBER OF –OH GROUPS ON THE CNC SRUFACES

66

OHH and OHW are calculated by sum of both side of CNC height-length surface area /
dotted area and sum of both side of CNC width- length surface area / dashed area, respectively.
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.6

APPENDIX C. CNC AND C-CNC CHRACTERZIATION

68

Figure C.1 Photographs of the pH-7 CNCs, pH-10 CNCs, pH-12 curing agent, pH-7 curing
agent and mixture of pH-10 CNCs and pH-7 curing agent.

Figure C.2 (a) The length distribution of CNCs and (b) the width distribution of CNCs.
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APPENDIX D. NANOCOMPOSITE CHARACTERIZATION
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Figure D.1 Photographs of CNC/epoxy nanocomposites. From left to right: neat, 1, 2, 3, 5,
7, and 10 wt% CNCs in the epoxy matrix.

Figure D.2 Photographs of C-CNC/epoxy and CNC/epoxy nanocomposites. From left to
right: neat, 1 wt% CNCs, 1 wt% C-CNCs, 3 wt% CNCs, 3 wt% C-CNCs,
5 wt% CNCs, 5 wt% C-CNCs, 7 wt% CNCs and 7 wt% C-CNCs.
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APPENDIX E. DYNAMIC MECHANICAL ANALYSIS

72

Figure E.1 (a) Storage and (b) loss moduli of the CNC/epoxy nanocomposites processed
with the combination of three-roll milling and probe sonication versus the neat cured epoxy.
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Figure E.2 Storage modulus of the (a) C-CNC/epoxy and (b) CNC/epoxy nanocomposites
processed with the combination of cooled three-roll milling and bath sonication versus the
neat cured epoxy.
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Table E.1 Glassy storage moduli and rubbery storage moduli for the C-CNC/epoxy and
CNC/epoxy nanocomposites processed with the combination of cooled three-roll milling and
bath sonication.
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Figure E.3 Loss modulus of the (a) C-CNC/epoxy and (b) CNC/epoxy nanocomposites
processed with the combination of cooled three-roll milling and bath sonication versus the
neat cured epoxy.
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APPENDIX F. THERMAL PROPERTIES

77

Figure F.1 Tan δ of the (a) CNC/epoxy processed with the combination of three-roll milling
and probe sonication, (b) C-CNC/epoxy and (c) CNC/epoxy nanocomposites processed with
the combination of cooled three-roll milling and bath sonication.
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Figure F.2 TGA (a) Weight loss and (b) derivative weight for the CNC/epoxy
nanocomposites processed with the combination of three-roll milling and probe sonication.
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Table F.1 Temperatures associated with weight loss for nanocomposites processed with the
combination of three-roll milling and probe sonication as determined form the TGA data
(the peak of the glassy storage modulus is highlighted).
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Figure F.3 TGA (a) Weight loss and (b) derivative weight for the C-CNC/epoxy and (c)
weight loss and (d) derivative weight for the CNC/epoxy nanocomposites processed with the
combination of cooled three-roll milling and bath sonication.
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Table F.2 Temperatures associated with weight loss for C-CNC/epoxy and CNC/epoxy
nanocomposites processed with the combination of cooled three-roll milling and bath
sonication as determined from the TGA data (the peak of the glassy storage modulus is
highlighted).
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